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VIBRKCION OH lVRBINEBLU@SINA 

TURBO=. ENGINE DuRma 0I!ERAT10N 

By W. C. Morgan, R. H. Kemp 
and s. s. Msnson 

An experiment&l inveetigaticm was oonduoted to determine the 
vibration phenomena that ocour in the turbine blades of a typic1 
jet-propulsion engine during service operation; high-temperature 
strain gages were used to measure the turbine-blade vibratims. At 
turbine speeds within the cruising range, vibratory stresses of 
appreciable magnitude existed in the blades. Most of the vibrations 
observed Bt various turbine speeds oocurred in the fundamental 
bending mode of the blades at a frequency of approximately 
3.200 cycles per second. Vibrations also occurred in the first 
torsional mode at. a frequency of approximately 2000 cycles per 
second; and a hi&-frequency complex-mode vibration was observed 
within the limits of-the cruising range of the engine. The 
frequencies of the principal vibrations .were found to be related 
to the number of nozzle blades and ccsibustion chambers. 

INTRQmcTIoN 

Among'the important problems in the stress analysis of jet- 
propulsion engines is that of determining the vibratory phenomena 
that affect turbine blades during service operation. Vibrations 
may cause fatigue rupture of turbine blades. In an NACA investi-- 
tion of turbine-blade failures, for example, most of the broken 
blades displayed the charaoteristio appearance of fatigue f%uJture, 
indicating the presence of critical vibrations. The development of 
the jet-propulsion engine in &gland was complioated by numerous 
turbine-blade vibration problems (referenoe 1). Little data are 
available, however, on the quantitative ma@pitudes of vibratory 
stresses present in typic1 gas-turbine blades under operating 
conditions. 

. 
Numerous potential sources of blade-vibration excitation are 

present in gas turbines. Most of the excitations -8 transmitted 
to the blades by means of the hot gases oonstituting the driving 
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medium. Any influence that tends to produoe a periodio variation 
in velocity about the blade tends to produce vibration. Imont 
be&ring supports, compressor blades, oompressor-casing guide vanes, 
oambustion tubes, and stationary nozzles affect the uniformtty of 
the gas stream before it passes over the rotating blades. Even if 
the gas.flow were perfectly uniform at the ttie of impulse in the 
turbine blades, the passage over the blades might induce aerodynamic 
conditions conducive to vibrations. Although the most serious 
souroes of excitation are probably the ocanbustion tubes and the 
stationary nozzle blades, no data are available for evaluating the 
various exoitation Influences. 

An investigation including benoh and dynsmic tests was 
conducted at the NACA Cleveland laboratory to determine by means of 
high-temperature wire-resistance strain gages the aotual vibrations 
existing in the blades of a turbojet engine in service operation 
and thereby to detetiine the importance of vibration as well as to 
evaluate, for the par-tioulcsr blades investigated, the relative 
order of Importance of eaoh of the tibration-excitation sources. 
The engine used was especially suited for Uris purpose beoause it 
has been under'investigation at the RACA to determine related 
information an the blades, such as typical service life, oreep rate, 
and temperature distribution during various operating conditions. 
Correlation of vibration frequency and turbine speed per?nitted a 
detemaination of the sources of excitation; the magnitude of the 
vibrational stress at each speed permitted sn evaluation of the 
relative importance of the various tibrations. 

The blades in the engine used in this investigation are of 
the unshrouded type with "fir-tree" attachment. Temperature dis- 
tribution in the blades- investigated la available from reference 2. 
The turbojet engine used is a 14-burner, straight-flow type with 
8 centrifugal cmpressor. 

Modes of vibration. - The nodal patterns in the various natural 
modes of vibration were determined by preliminary benoh teats on a 
blade similar to those used in the dynamLc 3.nvestigations. In 
producing these patterns, the blade was inserted in a turbine disk 
with a tight fit in order to approximate the rigidity in a caanpletely 
bladed wheel; vibration was excited by a speaker-type unit of 
variable frequency. In order to avoid meohanical damping or 
restraint of the blade,the excitation force was trsnsmitted through 
a steel rod attached to a stub blade adjacent to the test blade in t 
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the turbine disk. The turbine diskwas suspended Fna slingabove 
the exciter (fig. 1). 

The excitation frequency wa8 varied until resonance was 
observed by means of a crystal pickup. Looation of the nodes was 
8ccomp1ished by moving the needle point of the pickup device along 
the lines of 8 grid drawn on the oonc8ve face of the blade until an 
osoilloscope signal indioated 8 minimum amplitude. Location of a 
sufficient number of such potits was reoorded to establish the 
loc8tion of the nodes for each of the resonant frequencies. 

The bench tests on the blades showed that the restraint 
attributable to strain gages w8s negligible insofar as change in 
natural frequency was concerned. 

Instrument installation. - High-temperature wire-resistance 
strain g8ges were used to obtain data from the turbine blades 
during servioe operation. The construction and the mountIngof 
the atraln gages were similar to those of the multiple-loop type 
described in reference 3. The strain-sensitive tire was a platinum- 
iridium alloy; Sauergisen No. 32 cement was used 8s the mounting 
medium. After the strain gage had been baked m 8 turbine blsde 
(reference 3), the blade was placed in 8 high-temperature oven and 
slowly heated to 17CC" F to stabilize the strain-sensitive char&o- 
teristics of the strati gage and to improve the bonding of the 
cement. The strain gages were mounted near the blade bases along 
the trailing edges on the convex sides. This location was selected 
because it was satisfactory for vibration measurements and alS0 
afforded optimum temperature conditions for strain-gage life. 

The instrumented blades were inserted in the turbine wheel, 
the lead wires cemented to the rear face of the turbine rotor, and 
the lead-wire oement baked by radiation from infrared lamps. The 
lead WIrea were connected to 8 ctioular terminal block at the 
oenter of the turbine wheel (fig. 2). 

Sever81 components of the engine were modified in order to 
provide passage of the lead Wire8 from the strain gages to the slip 
rings necessary for trsnsmittal of strain-gage signals to stationary 
observation and reoording instrumentation. The principal modifi- 
cations consisted of axial passages bored through the turbine wheel, 
the compressor, and the shafts connecting these components. A 
hollow auxiliary shaft, connected to the compressor, extended 
through the aocessory housing on the forward end of the turbojet 
engine to provide 8 oonnection to the slip-ring unit on the 
accessory housing (fig. 3). A magnet10 revolution oounter, whicsh 
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also appears in figure 3, was used in order to provide a more 
acour8te determination of turbine speed than could be obtained with 
the standard turbojet tachometer. 

The slip-ring unit ~8s of the cylindrioal type with all rings 
of the same diameter. The strain-gage signals were transmitted 
through brushes mounted at an angle to the radii in the plane of 
each slip ring. The slip rings were monelmetal and the brushes 
were 6ilVer g??&phite. 

Two Wheatstone-bridge circuits, whloh permitted signals to be 
t&ken frcan two strain gages at the same time, were used. Removal 
of the e&must-oone of the outlet ducking permitted the terminal- 
plate oonneutions to be so ohanged as to oonnect any two of the 
strain gages installed an the blades into the oircuits. The three 
inaotivs arms of each Wheat&one-bridge oirouit were strain gages 
mOUnted on a dynsmioally Strain-free rot&t1 part of the slip- 
ring assembly. This precaution (reference served to minimize 
slip-ring interference effeots. 

The strain siepvsls were transmitted to instrumentation 
consisting of amplifiera, osoillosoopes for visual study of the 
sills, a reoording OSC%illOgr&ph, and a variable-frequenoy signal 
ganerator for determining vlbratim frequency. The 08oillOgr8ph 
simultaneously reoorded the two strain-gage signals, timing marks 
lndioative of turbine speed, and another set of timing marks 
showing the osoillo~ph film speed. 

The prooedure omsisted In operating-the engine over the 
entire range of turbine apeed at exhaust te!mperatures intended to 
duplloate servioe oc&itia. The speed ranged frcm~ idling 
(4000 rpm) to full turbine speed (11,500 I&. As the speed was 
slowly tioraased, the &rain-gage signals were under oanstant 
observation. At the appearanoe of signals indicative of vibra- 
tion, the turbine speedwas held oonstantand the signals were 
reoorded. At the came time, the Variable-freguenoy signs1 
generator was used to determine the frequenoy of vibration. 

Modea of Vibration 

loodalpatter.uswere obtafnad ona blade of the sametypeas 
those lnstrumantsd with strain gages to dete&e the approximate 
frequenoies of resawnt vlbraticn of the blades. The nodal 
patterns of 10 vlbrati6n modes that were excited by means of the 
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speaker-type exoiter are shown inkgure 4. The fundamental bending 
mode, not shown in the figure, oocurred at a frequency of 1270 cycles 
per second. A point of interest was the similarity of the nodal 
pattern at 8500 cycles per second to that at 8800 cycles per sea-d, 
a similarity apparently caused by the simultaneous occurrence of 
two modes mechanically ooupled. Although similarity often exists 
among vibration nodal patterns at very high frequenoies, the node 
patterns at 9450, 9625, and 10,700 oyoles per seoond are dissimilar. 

Centrifugal Stresses 

The centrifugal stresses in the blade at different speeds of 
operation wers fir& aomputed in order to aesist in the interpreta- 
tion of the siguifioance of the vibratory stresses. The results are 
shown in figure 5. The centrifugal stresses at various locations 
along the length of the blade are shown for turbfne speeds of 10,000, 
11,000, and 11,500 rpm. Bending stresses due to gas loading are not 
included in these calculations because the stress values are to be 
used only qualitatively. Also plotted in this figure are the 
allowable stress values at each looation along the blade, based upon 
the temperature distribution in the blade (reference 2) and the 
stress-rupture values for Vitallium at each termperature for dura- 
tions of 100 and 1000 hours. For speeds below ll,OOC rpm, a margin 
of safety exists between the operating centrifugal stress and the 
etress-rupture values. At or above 11,000 rpm, little margin of 
safety exists at any location 3.n the blade and even amall vibratory 
stresses msy be suffioient to precipitate fatigue failure. 

Vibration of Turbine Blades during Operation 

An analysis of the vibration data obtained on two of the 
blades is shown in figure 6. These blades were standard turbine 
blades mounted diametrically opposite. Each of the data points 
represents an engine speed at which tibration was observed and the 
frequency'of the blade vibration. Also shown are a series of solid 
lines labeled order. Each of these lines represents the loous of 
points at which the frequenoy in cycles per second is a definite 
multiple of the frequency of turbine rotation in revolutions per 
minute. Such lines therefore define, at any engke speed, the 
frequency of any exciting forue that occurs at a definite multiple 
of engine speed. For emple, because there are 14 ooanbustion 
chambers in this engine, an excitation due to the velocity profile 
of these combustion chambers would occur 14 times for every engine 
revolution. The frequency of combustion-chamber excitation at any 
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engine speed is therefore represented by the line for fourteenth 
order. A correlation between the observed points of blade vibration 
and the lines of multiple order is useful in ascertajning the sources 
of vibration excitation. 

In addition to those points of sustained tibratian shown in 
figure 6, several transient vibrations in the first bending mode at 
1200 oyoles per se&&d were recorded near fulLspeed operation of 
the engine. These vibrations were recorded on the osoillograph 
film but were not visually identified on the osoillosoope soreen. 
The duration of sny of these vibratirms was short, approximately 
l/50 second; the cause of the vibrations was not ascertained. These 
vibrations could not be neglected, however, beoause of their 
ocourrence at the speeds prcduoing the seatest severity of temper- 
atwe and centrifugal-stress conditions. Another point of interest 
not demonstrated in figure 6 was the absence of signifioant vibra- 
tions during a run in whioh the engine wae aooelerated from 4000 
to 11,500 rpm within a period of 15 secmds while the oscillograph 
wae oontinuously operated. Apparently sufficient damping existed 
to prevent the building up of vibration during rapid acceleration. 

Inspectian of figure 6 shows that the importsntorders of 
excitation are 7, 8, 11, 14, and 48. Esoitatians of the forty- 
eighth order are to be ascribed to the 48 nozzle blades in the 
turbine. Inblade A, this souroe of excitation produced a stress 
range of 5200 pounds per equare inch at a epeed in the cruising 
range of the engine, where the temperatures are high and the margin 
of safety is low. The frequenay of this vibration was 8600 cycles 
per seoond. Blade B was also excited by the forty-eighth order 
but at a different frequenoy, probably beoause of differences in 
the blade mounting. This vibration at a frequency of 5900 oyoles 
per seoond did not ooour within-the cruising range. 

The fourteenth-order excitation can be attributed to the 
14 combustion chamber8 in the engine. This source produoed first 
torsional vibrations at a frequency of 2000 cgoles per second with 
a stress range of 2100 pounds per square inch in blade A and a 
stress range of 3100. pounds per square inoh in blade B. Because 
the engine speed at which these vibrations occurred was below the 
cruising range of the engine, sustained vibrations due to this 
source are not likely and, moreover, they occur when the tempera- 
tures and the oentrifugal stresses are relatively low so that 
greater vibrational stress is tolerable. The combustion chambers 
also produced fundamental bending vibrations at a frequency 
of 1170 cycles per second in both b-es at a epeed of approxf- 
mately 5000 rpm but these vibraticns are probably not of great 
importance because of the low speeds at which they occurred. 
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Vibrations due to eighth-order excitations may be of$mportance. 
Although these vibrations in the fundamental bending mode at 
1200 cycle8 per eeoond ocour at a speed below the cruising range, 
their relative amplitude is high. Inblade B, the highest vibra- 
tory stress range observed of 8800 pounds per square inch was excited 
by an eighth-order effeot. 

The seventh-order excitations, which are imports&, produced 
vibrations in the fundamental bending mode at a frequencsy of 
1200 cycles per second. The stress range for both blades produoed 
by this excitation was relatively high (about 5500 lb/sq in.) and 
occurred at a speed of about 10,300 rpm, which is within the 
cruising range of the engine and is aocompanied by high blade tem- 
peratures and centrifugal stresses. Several possibilities exist as 
the source of this order of excitation. One of the more probable 
causes may be that inequalities of mass flow from the various ocm- 
bustion chambers produce numerous harmonics of engine speed and the 
lowest order that oan excite blade vibrations at any speed within 
the operating range of the turbine is the seventh. Another 
possibility is that the response of the blade to excitation is 
nonlInear and would therefore tend to introduce a one-half-order 
excitation of the combustion &embers (reference 4). 

SUMMKRYOFRESUITS 

Through the use of high-temperature wire-resistanoe strain 
gages 9 vibratory phenomena In the blades of a typical gas-turbine 
engine have been observed and evaluated In terms of modes, 
frequenoies, stress range, and probable sources of excitation. 
Most of the vibrations observed at various turbine speeds ocourred 
in the fundamental bending mode of the blades at a frequency of 
approximately 1200 cycles per second. Vibrations also occurred In 
the first torsional mode at a frequency of approximately 2000 cycles 



8 NACA RM No. Ei'L18 

per seoond; and a.high-frequency complex-mode vibration was observed 
within the limits of the oruising range of the engine. The 
frequencies of the principal vibrations were found to be related to 
the number of nozzle.blades and oombustion chsnibers. 
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Figure 1. - Excitatton equipment used in determination of nodes in tur- 
bine blade during variolrs natural vibration modes. 
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Figure 3. - Slip-ring unit for transmittal of turbine-blade strain-gage sigval to stationary Instrum 
msntation. w 
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Figure 4. - Nodal pattern8 of 10 vibration modem determiued. 
Fundamental frequency, 1270 oyclea per saoond. 
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